Infrasound covers frequencies of around 10 −3 Hz to approximately 20 Hz and can propagate in atmospheric waveguides over long distances as a result of low absorption, depending on the state of the atmosphere. Therefore, infrasound is utilized to detect atmospheric explosions. Following the opening of the Comprehensive Nuclear-Test-Ban Treaty for signature in 1996, the International Monitoring System (IMS) was designed to detect explosions with a minimum yield of one kiloton of TNT equivalent worldwide. Currently 51 out of 60 IMS infrasound stations are recording pressure fluctuations of the order of 10 −3 Pa to 10 Pa. In this study, this unique network is used to characterize infrasound signals of so-called Mountain-Associated Waves (MAWs) on a global scale. MAW frequencies range from 0.01 Hz to 0.1 Hz. Previous observations were constrained to regional networks in America and date back to the 1960s and 1970s. Since then, studies on MAWs have been rare, and the exact source generation mechanism has been poorly investigated. Here, up to 16 years of IMS infrasound data enable the determination of global and seasonal MAW source regions. A cross-bearing method is applied which combines the dominant back-azimuth directions of different stations. For better understanding the MAW generation conditions, the MAW occurrence is compared to tropospheric winds at the determined hotspots. Furthermore, ray-tracing simulations reflect middle atmosphere dynamics for describing monthly propagation characteristics. Both the geographic source regions and the meteorological conditions agree with those of orographic gravity waves (OGWs). A comparison with GW hotspots, derived from satellite data, suggests that MAW source regions match those of OGWs. Discrepancies in the respective source regions result from a stratospheric wind minimum that prevents an upward propagation of OGWs at some hotspots of MAWs. The process of breaking GWs is discussed in terms of the MAW generation.
Another potential waveguide, evolving between the sur-Bedard (1978) combined infrasound observations 110 using sensors in the Rocky Mountains (USA) and air-111 craft observations. The latter was supposed to support 112 the theory of air turbulence being a source of MAW exci-113 tation, which was also proposed by Thomas et al. (1974) 114 before. However, Rockway et al. (1974) remarked that 115 the effect of atmospheric conditions on the propagation 116 and detection of MAWs might have been underestimated 117 in previous theories. Their ray-tracing model showed 118 that winds affecting propagation conditions were a vi-119 tal issue for the seasonality of MAW detections. As a 120 consequence, the knowledge about the propagation con-121 ditions is essential to understand the source generation 122 mechanisms. 123 For the first observations of MAWs beyond North 124 America, a seven-sensors infrasound network, located 125 between Alaska and Argentina, was used. Within one 126 year of measurements, Greene and Howard (1975) 127 found many MAW signals originating between Col-128 orado and Alaska in the Northern Hemisphere and along 129 the southern part of the Andes in the Southern Hemi-130 sphere. They noted that the northern part of the Andes 131 exhibited much fewer MAW detections and concluded 132 that the acoustic radiation must depend on topography or 133 combined meteorological and topographic conditions. 134 Since the late 1970s, however, published studies on 135 MAWs have become rare; for instance, a report on 136 MAWs observed in Japan was given by Nishida et al. 137 (2005) . As a consequence, the exact source mechanism 138 has remained unclear. Based on the modeling approach 139 of Chimonas (1977) , Chunchuzov (1994) took up 140 again the idea of MAW generation due to wave scatter-141 ing. He proposed a generation model for non-stationary 142 mountain waves which also allowed the generation of 143 acoustic modes induced by "strong wind gusts among 144 the wind fluctuations near the mountain" (Chunchu-145 zov, 1994 (Chunchu-145 zov, , p. 2205 . These individual acoustic impulses 146 would propagate in atmospheric waveguides and super-147 pose to the signals that are eventually detected at remote 148 sensors. When fully established, the IMS network will consist 211 of 60 infrasound arrays (see map in Fig. 1 ). Differential 212 pressure has been continuously recorded at the IMS 213 infrasound stations for up to 20 years, at a sampling rate 214 of 20 Hz. The detection of infrasound events from these 215 waveform data is performed using the array processing 216 algorithm PMCC (Cansi, 1995) . For this study, filters 217 were applied to the PMCC detection lists according 218 to Table 1 , to focus on significant detections in the 219 frequency range of MAWs.
220
Note that the upper-frequency limit was set at 221 0.07 Hz -instead of 0.1 Hz -to ensure clear discrimina-222 tion from microbarom detections (0.1-0.5 Hz), a persis-223 tent infrasound signal originating from interacting ocean 224 waves (e.g., Donn and Rind, 1972; Hupe et al., 2019) . 225 Dominant periods of MAW events have been reported as 226 covering 20 s to 80 s (Larson et al., 1971) or, more nar-227 rowly, 20 s to 40 s (Bedard, 1978) . Therefore, in addi-228 tion, the center frequency thresholds were set to 0.02 Hz 229 (50 s) and 0.05 Hz (20 s), respectively. A fundamental 230 prerequisite for detecting MAW signals is low back-231 ground noise at the recording station (e.g., Matoza 232 et al., 2013), due to the small amplitudes of between 233 3 mPa and 300 mPa. Fig. 2 shows the residual number of 234 detections per month and station for the IMS infrasound 235 network from January 2003 to July 2017. The color code 236 reflects the respective mean back-azimuths. The monthly number of PMCC MAW detections is shown for all IMS station datasets available from the German National Data Center (Hupe, 2018 Figure S1 ). In general, a maximum of three directional 259 peaks was retrieved from the monthly histograms, re-260 flecting different sources that were potentially detected 261 at a station. The peaks had to fulfill the following condi-262 tions (Hupe, 2018) :
263
• The peak was higher than the monthly mean, and 264 there was at least one detection per month.
265
• The peak had to be 35°distant from other peaks.
266
• The minimum peak prominence (i.e., the relative 267 peak height from the background detections) was 0.5. 268 • The minimum peak width at half prominence was 15°. 269
Referring to the example of IS02, a northwesterly di-270 rection (315°, Figure S1 in the Supplements) was con-271 sistent and prominent throughout the year. The number 272 of detections revealed a seasonal variability, with a max-273 imum in austral winter and a minimum in summer. A 274 secondary peak at around 170°fulfilled the criteria only 275 in October. The determined peaks were used to apply the 276 cross-bearing approach described below. The PMCC detection bulletins provide information on 280 the detection time, back-azimuth (β), and apparent phase 281 velocity (Cansi, 1995; Le Pichon et al., 2010) . The lo-282 calization of a source, e.g., an explosion in the atmo-283 sphere, requires this set of information from at least 284 two different stations. In contrast to explosive events, 285 which appear as transient signals in the waveform data, 286 MAWs are a two-dimensional, ergodic signal, such as 287 ambient noise from microbaroms (e.g., Landès et al., 288 2012) . Therefore, conventional methods based on the 289 onset times of at least two different stations (e.g., Le Pi-290 chon et al., 2008) are not applicable to arriving wave 291 trains of MAWs. Here, for each month of the year, the back-azimuths 293 at all IMS infrasound stations were used for a cross-294 bearing, as described in Hupe (2018) . Each determined 295 back-azimuth was attributed a standard deviation of ±5°296 to account for uncertainties due to the array response 297 or wind conditions along the propagation path (e.g.,
298
Le Pichon et al., 2005) . This uncertainty results in an 299 azimuthal sector of 10°width. A maximum propaga-300 tion range of 10,000 km was chosen, in accordance with 301 a similar approach for microbaroms by Landès et al.
302
(2012). This range is assumed to apply to MAWs since 303 atmospheric attenuation is a function of frequency, and 304 the attenuation in these low-frequency domains is gen-305 erally low (Sutherland and Bass, 2004) . If three intersection points were found, the back- Fig. 3 ). If only two intersection points were calculated, 321 the method could still provide a potential source region, 322 but such localization might be less accurate. Therefore, 323 such results and localizations based on just one intersec-324 tion point were neglected here.
325
Another source of uncertainty is a station combina-326 tion in which at least one pair of back-azimuths points 327 either in the same (one alongside the other) or opposite 328 (towards each other) direction(s). Then slight deviations 329 in the back-azimuths potentially cause significant hori-330 zontal shifts in the intersection point coordinates. There-331 fore, combinations with β 1 − β 2 = ±10°were excluded. 332
Ray-tracing for hotspot validation 333
For associating the infrasound detections with the deter-334 mined source regions, ray-tracing simulations were car-335 ried out using the 2D finite differences (2D-FD) soft-336 ware package of Margrave (2000) . This was initially 337 developed for seismological purposes, but it has also 338 been adapted for estimating sound propagation in the 339 atmosphere (e.g., Koch and Pilger, 2018) . As an ex-340 ample, the 2D-FD ray-tracer was successfully used for 341 modeling the long-range ducting in case of the low-342 frequency fireball event of Chelyabinsk (Le Pichon 343 et al., 2013; Pilger et al., 2015) .
344
The ray-tracer calculates infrasound propagation 345 paths based on a 2D effective sound speed field, ac-346 cording to Eq. (1.2). The operational HRES atmospheric 347 analysis from the ECMWF was incorporated in the sim-348 ulations as a monthly mean, including vertical profiles 349 of temperature, meridional wind, and zonal wind. These 350 were given each 100 km along the great-circle propaga-351 tion path between the potential source and the receiver. (2008) . 360 It is noted that a sponge layer is implemented in the 361 ECMWF model to suppress uncontrolled wave reflec-362 tions at the upper model boundary (e.g., Ehard et al., 363 2016). Vertical temperature profiles observed by lidar 364 instruments have shown the effect of the sponge layer 365 above an altitude of around 45 km, resulting in a cold 366 temperature bias of up to 12 K at 60 km in the ECMWF 367 model (Hupe et al., 2019) . However, computations in-368 corporating the mean bias did qualitatively not change 369 the simulation results provided in Section 3.2 (see also 370 Hupe, 2018). The sponge layer will be more relevant 371 when computing single events which can be affected 372 by GW perturbations of the vertical temperature and 373 wind profiles. Moreover, it is noted that the 2D-FD ray-374 tracer is a high-frequency approximation of the acous-375 tic field; i.e., it is not valid for vertical perturbations 376 with wavelengths smaller than the simulated wavelength 377 
384
For the hotspot validation, the stable eigen-ray solu-385 tions of the ray-tracer -i.e., the statistically significant 386 occurrence of eigen-rays throughout variations between 387 the source and the receiver -were evaluated. In particu-388 lar, these solutions, either for ground-to-stratopause or 389 ground-to-thermosphere ducting, were compared with 390 the monthly MAW detections at surrounding stations. MAWs before (see Section 1). The applied method here 398 reproduces these results. Also, the Tibetan Plateau and 399 its surrounding mountain ranges (e.g., the Himalayas) 400 turn out to be a major source region of MAWs on the 401 Northern Hemisphere. Another hotspot is identified in 402 the East Siberian Mountains.
403
In the Southern Hemisphere, the southern Andes are 404 the major hotspot. A fifth hotspot is the Southern Alps 405 on New Zealand's South Island. The latter is not promi-406 nent in Fig. 4 since only a couple of infrasound stations 407 (IS05, IS22, IS36) detect it; however, the MAWs are a 408 dominant feature among these detecting stations. The 409 signals are detected throughout the whole year and trace 410 back to the South Island. 
The seasonal variation in detections
412 Larson et al. (1971) found an annual cycle of MAW 413 occurrence in North America, with a maximum in the 414 number of detections during the hemispheric winter. 415 Here, the monthly cross-bearing results (Fig. 4 ) indicate 416 this to be also valid for the most dominant hotspots as 417 discussed below. year, and the latitudinal range of the cross-bearing solu-473 tions extends from 30°S to south Chile (55°S), where 474 the mountains (mostly volcanoes) reach elevations of 475 1,500 m to 2,500 m. Note the broad longitudinal range of 476 cross-bearing hits exceeding the coastlines, which poses 477 the question of whether this is caused by real events 478 or methodological artefacts. MAW detections originat-479 ing from upstream and downstream of the hotspot could 480 be associated with the phenomenon of trailing GWs, 481 which have been particularly observed in the lee of New 482 Zealand (Ehard et al., 2017; Jiang et al., 2019) . The 483 dominant back-azimuths of IS08 detections often match 484 the identified hotspot region downstream of the southern 485 Andes. However, Fig. 4 also indicates different back-486 azimuths of the other stations, and additional cross-487 bearing hits are located upstream of the Andes. There-488 fore, at least some of the cross-bearing results are likely 489 methodological artefacts resulting from the applied un-490 certainty of ±5°or the possibility that the IMS stations 491 detect different sources within that region -for instance, 492 the closest to each station. The latter issue would cause 493 the triangulation to fail matching any of the detected 494 sources exactly.
495
Overall, the southern Andes are the most active 496 hotspot of MAWs in the Southern Hemisphere. A sea-497 sonal cycle in the number of detections is evident, show-498 ing a maximum in winter. The cross-bearing results 499 highlight this hotspot from September to May (Fig. 4) . 500 At IS02, however, MAWs are also detected in summer 501 (maximum 17 detections per month), from almost the 502 same direction as in winter (56 detections). 
Southern Alps of New Zealand

504
The azimuthal distributions of detections show promi-505 nent peaks related to MAWs at IS05 (β = 100°), IS22 506 (β = 165°), and IS36 (β = 265°) all year round. At 507 IS22 the spectral number maximizes in July (59), op-508 posed to only three detections in December. At IS36, 509 the seasonal cycle is similar, but the highest peak in May 510 shows just 13 detections. Such differences between the 511 stations can be related to the propagation conditions be-512 tween the source and the receiver. Section 3.2 investi-513 gates the propagation conditions for the hotspots identi-514 fied in the Southern Hemisphere. 
Further results
516
Further regions that show accumulations of cross-517 bearing results in Fig. 4 are Greenland (October), north-518 western Australia (January, October), and the central 519 USA (May to August). Greenland is a potential source 520 region of MAWs; however, there are not enough stations 521 around for continuous cross-bearing results. Moreover, 522 northwestern Australia is highlighted as a result of spu-523 rious intersections, due to the wide range of the cross-524 bearing approach. The closest stations in Australia -525 IS04, IS05, and IS07 -do not detect any MAW signals 526 from the appropriate directions. is reduced by about 70 %. Accordingly, the detected am-560 plitudes were largest in austral winter and smallest in 561 summer, differing by half an order of magnitude.
562
The propagation between the southern Andes (49°S, 563 73°W) and IS02 (55°S, 68°W) was calculated using the 564 2D-FD ray-tracer (Section 2.4). As an example, Fig. 6 565 shows the modeling for July 2016. Accordingly, the 566 propagation was modeled for each month between Jan-567 uary 2007 and December 2016, based on the monthly-568 averaged along-path wind and temperature profiles.
569
The same simulations were done for IS08 (3,663 km 570 to the north), IS09 (4,352 km to the north-northeast), 571 IS14 (1,806 km to the northwest), IS21 (7,500 km to the 572 east), and IS27 (4,043 km to the southeast). These sta-573 tions also show detections most likely originating from 574 the Andes hotspot. The ray-tracing results for the se-575 lected stations are summarized in Table 2 . The statistics 576 only account for parameters of stable eigen-ray solutions 577 for stratospheric (I s ) and thermospheric (I t ) returns, if 578 any. In addition, the accumulated atmospheric absorp-579 tion along the propagation path (A a , in dB) is provided. 580 During austral winter (May to August), ground-to-581 stratopause solutions resulted for IS02, IS08, and IS27. 582 These agree with the PMCC detections and the cross-583 bearing results. In summer (November to February), 584 simulations show that stratospheric ducting was rather 585 unlikely for these stations. This fact also agrees with 586 the PMCC detections. However, it is noted that IS21 587 Figure 6 : Ray-tracing paths between the southern Andes (0 km, 49°S, 73°W) and IS02 (red triangle) in southern Argentina are shown for July 2016. The source on the left was set to 3,200 m. The rays were started at angles of between 1°(upward) and 179°(downward). The modeled source frequency was 0.05 Hz, the upper center frequency threshold of MAWs; lower frequencies would be subject to even smaller atmospheric absorption rates. The stable eigen-ray solutions which best connect the source and receiver are depicted in red, for both the ground-to-stratopause and the ground-to-thermosphere waveguide. Table 2 : Ray-tracing results for selected stations detecting MAWs from the southern Andes. The numbers (0-10) reflect the number of simulation runs (one per year and month over 10 years) for which a stable eigen-ray solution was calculated between the source (49°S, 73°W) and the respective IMS station. Consequently, the numbers indicate the detection likelihood, about both stratospheric (I s ) and thermospheric (I t ) propagation paths. Besides, the mean and the standard deviation of atmospheric absorption (A a ) are given for these simulation runs. The source was set to an altitude of 3,200 m.
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Jan 0 10 0 10 10 8 0 9 Feb 0 10 3 10 6 8 0 8 Mar 3 10 6 9 4 9 6 9 Apr 8 10 6 10 0 10 9 7 May 9 10 8 9 0 10 9 9 Jun 10 9 5 9 0 10 9 5 Jul 10 10 7 6 0 10 9 4 Aug 9 10 5 6 0 10 9 6 Sep 7 10 9 9 0 10 9 7 Oct 2 10 9 7 5 6 5 9 Nov 0 10 7 A a in dB 0.2 5.1 0.7 23.9 0.7 7.6 0.1 6.4 σ Aa in dB 0.1 5.9 0.4 21.4 0.2 12.9 0.1 8.3 winter (Section 3.1) agree with the ray-tracing results for 601 IS36 (Table 3) because propagation within the ground-602 to-stratopause waveguide was only favored between 603 April and September. A ray-tracing example for January 604 and July 2016 is given in Figure S2 in the Supplements, 605 showing a sharp effective sound speed gradient at the 606 stratopause in July.
607
The seasonal variation in the number of detections at 608 IS22 (Section 3.1) is contradictory to the stratospheric 609 ray-tracing results, as these would suggest the maxi-610 mum number during summer and the minimum during 611 winter. Only the ground-to-thermosphere waveguide can 612 explain the opposed cycle: According to the modeling, 613 the thermospheric return heights were lowest in July 614 (<110 km) and higher in January (>110 km), resulting 615 in accumulated absorption rates of around 1 dB (July) 616 and 9 dB (January), respectively, along the propagation 617 paths. The low absorption rate in July can partly explain 618 the large number of signal arrivals. Moreover, it is noted 619 resulting from the climatological conditions; whereas, at 677 IS36 and New Zealand, there is a tendency to increased 678 wind speeds during MAW occurrence. The climatologi-679 cal difference might be an explanation for fewer detec-680 tions from the Southern Alps at IS36 (around 10 4 ), com-681 pared to the southern Andes and IS02 (around 10 5 ). plitudes. However, the results discussed for IS22 contra-716 dict that theory here, because the highest number of de-717 tections -even higher than at IS36, which is closer to the 718 source region -was also found in winter despite the ab-719 sence of a ground-to-stratopause waveguide. As a conse-720 quence, the source generation of MAWs must be subject 721 to seasonal variability, and cross-mountain winds alone 722 are not sufficient in this context. The positive correla-723 tion between cross-mountain winds and MAW ampli-724 tudes indicates that these winds contribute to the process 725 of MAW excitation.
726
In terms of OGW occurrence, for which the dis-727 cussed hotspots in the Southern Hemisphere are known 728 (e.g., McLandress et al., 2000; Alexander and Teit-729 elbaum, 2011; Hoffmann et al., 2016) , static stabil-730 ity could be an additional quantity. Comparisons like 731 in Figs. 7 and 8 do not indicate a correlation between 732 the Brunt-Väisälä frequency, as a measure for stability, 733 and the MAW occurrence although, in general, it seems 734 that MAWs are detected during stable conditions. This 735 fact can partly contribute to enhanced detection num-736 bers during winter since the tropospheric conditions are 737 generally more stable than during summer. Stable condi-738 tions in the atmospheric boundary layer reduce turbulent 739 noise at the stations, which improves the detection capa-740 bility (e.g., Pilger et al., 2015) . The question of whether a common source generation 744 mechanism exists for MAWs and OGWs is assessed by 745 comparing global GW hotspot maps with the identified 746 source regions of MAWs. The global GW activity was 747 obtained from the global GW climatology based on at-748 mospheric infrared limb emissions observed by satellite 749 (GRACILE), which was produced by Ern et al. (2017) . 750 GRACILE provides a climatology of GW parameters 751 such as temperature variances, GW potential energy 752 (GWPE), and absolute GW momentum flux (GWMF) 753 in the middle atmosphere. Here, the GWMF data prod-754 uct from the Sounding of the Atmosphere using Broad-755 band Emission Radiometry (SABER) instrument was 756 used to estimate the global GW activity. SABER prod-757 ucts are based on the period from February 2002 to Jan-758 uary 2015 (13 years), and thus similar to the infrasound 759 data set. The MAW source regions were compared with 760 the GWMF at 30 km, the lowest available level. More 761 precisely, the GWMF deviation from the zonal mean 762 was calculated so that positive deviations indicate en-763 hanced GW activity.
764
Lightning data were also taken into account to sepa-765 rate convectively-induced GWs from other sources like 766 topography. Cecil (2015) produced the HRES monthly 767 climatology of lightning activity. It provides mean flash 768 rates per square kilometer and day in the middle of a 769 month (Cecil et al., 2014) and was composed of data 770 from the Optical Transient Detector and the Lightning 771 Imaging Sensor.
772
In Fig. 10 , color-coded lightning activity and GWMF 773 are shown for January, April, July, and October. The Fig. 4 . GWMF is given as the deviation from the zonal mean GWMF. Lightning activity (Cecil, 2015) is superimposed for areas with more than two flashes per km −2 (gray shades) to identify convectively induced GWs. With regard to Section 3.3, the ECMWF wind field (ECMWF, 2014) at 700 hPa (arrows) shows that mid-latitude GW hotspots and MAW hotspots coincide with high wind speeds. Note that dashed lines denote the latitudinal coverage of SABER in each month. propagating OGWs in the lower stratosphere (e.g., Kai-835 fler et al., 2015) . In July, the zonal wind profiles dif-836 fer such that there is a strong tropospheric jet at 10 km 837 to 15 km over New Zealand (u = 28 m s −1 ) and a rela-838 tive wind minimum at 22 km (u = 18 m s −1 ). This valve 839 layer explains why the GW activity over New Zealand 840 in winter remains unresolved at the lowest data level of 841 the GRACILE climatology (30 km). It is noted that the 842 feature of the valve layer disappears towards higher lat-843 itudes.
844
Enhanced GWMF does not match the MAW hotspot 845 over the Tibetan Plateau in Fig. 10 . Only in Novem-846 ber and December (not shown), enhanced GWMF can 847 be found in the north of the Tibetan Plateau. The tro-848 pospheric winds are relatively strong over the entire re-849 gion all year round, similar to the southern Andes. Con-850 trarily, the GWMF perturbations are strongest over Eu-851 rope (Scandinavia), particularly in January. The weak 852 GWMF over the Tibetan Plateau is also reasoned by 853 the valve layer which regularly evolves above the tro-854 pospheric jet-stream during winter; for instance, the 855 ECMWF HRES analysis yields a valve layer above the 856 Pamir Mountains (38°N, 75°E) , just west of the Tibetan 857 Plateau. In 2016, for example, a mean zonal wind max-858 imum of 32 m s −1 was at 10 km and a local minimum of 859 14 m s −1 at 19 km in January ( Figure S3 in the Supple-860 ments). The critical level was at 15 km in July 2016. 861 Zeng et al. (2017) reported evidence of OGWs above 862 the Tibetan Plateau. They evaluated nine years of satel-863 lite data from the lower stratosphere (15-30 km) and 864 found OGWs during winter and spring. Moreover, 865 Alexander et al. (2008) found that enhanced GWPE 866 up to the tropopause was generally filtered at levels of 867 low wind speed below 30 km altitude.
868
The MAW hotspot of the coastal mountain ranges in 869 North America agrees with enhanced GWMF in Jan-870 uary. In November, the GWMF deviation is also posi-871 tive in this region; whereas it equals the zonal mean in 872 The qualitative agreement between MAW and GW 921 activity is good. The differences in the Northern Hemi-922 sphere, and at high latitudes in general, are caused by 923 the distribution of infrasound stations relative to poten-924 tial MAW and OGW source regions. Significant trop-925 ical sources of MAWs are missing due to the lack of 926 strong winds. At mid-latitudes, especially in the South-927 ern Hemisphere, the patterns of MAW and GW activ-928 ity are very similar. Quantitatively, the difference be-929 tween GW and MAW activity traces back to the lo-930 cation of the respective global maxima. The strongest 931 GW activity is located in the southern Andes region; 932 whereas the strongest MAW activity is excited over cen-933 tral Asia (Tibetan Plateau and surrounding mountain 934 ranges) and not reflected by GRACILE for the reasons 935 mentioned above. This difference, however, poses the 936 question if the source generation of MAWs is primar-937 ily related to the tropospheric cross-mountain winds -938 these are stronger over the Tibetan Plateau ( Figure S3 939 in the Supplements) than over the Andes (Fig. 11) . The 940 MAW generation could also be linked to the excitation, 941 or breaking, of OGWs. The results of Sections 3 and 4 imply that the tropo-944 spheric winds play a significant role in the source gener-945 ation of MAWs. Not only the wind direction (roughly 946 perpendicular to mountain ranges) but also the wind 947 speed at altitudes up to around 5 km correlates with 948 Nonstationary tropospheric winds can comprise of 1008 a wide spectrum of spatial and temporal fluctuations. 1009 This implies that these winds potentially excite different 1010 wave scales, covering both MAW and OGW frequen-1011 cies. Chunchuzov (1994) stated that breaking station-1012 ary OGWs can contribute to nonstationary flows due 1013 to turbulence production. Therefore, this theory would 1014 justify a common source of MAWs and (nonstation-1015 ary) OGWs, but also a direct link between (stationary) 1016 OGWs and the MAW excitation.
1017
In the latter case, it is presumed that OGWs induce 1018 MAWs. The principle behind this theory is that breaking 1019 OGWs decay into higher frequency waves and produce 1020 turbulent flows. Infrasonic waves would either be a di-1021 rect product of this process chain, which is in line with 1022 the energy cascade, or a secondary product according to 1023 the theory of nonstationary flows. A strong indication 1024 for the direct infrasound production from breaking GWs 1025 has been provided by Lund et al. (2018) . They modeled 1026 the GW field above the Andes. As a result of thermody-1027 namic instabilities in the mesosphere causing the GWs 1028 to break, these produced upstream-and downstream-1029 propagating acoustic waves. Previously, Thomas et al. 1030 Thomas et al. (1974 had rejected the theory of breaking lee waves be-1031 ing involved in the MAW production, which relied upon 1032 the evaluation of power spectra slopes of selected MAW 1033 events. Following the findings of Lund et al. (2018), the 1034 valve layers over New Zealand or the Tibetan Plateau 1035 could also be altitude layers where MAWs are excited 1036 as a result of breaking stationary OGWs. The correlation 1037 between MAW amplitude and wind speeds is reasonable 1038 in this context.
1039
However, for clarifying the exact source generation 1040 mechanism based on the two theories discussed above, 1041 more detailed analyses of MAW events will be neces-1042 sary. Instead of analyzing the monthly MAW detections 1043 stacked over 15 years, shorter and subsequent time win-1044 dows or even an event-based evaluation will allow fur-1045 ther conclusions on the source generation mechanism. 1046 GW models need to be incorporated in such a study.
1047
Concerning feedback mechanisms within turbulent 1048 flows, the impact of OGWs on the acoustic wave field 1049 is of great interest. Damiens et al. (2018) have ad-1050 dressed this topic by modeling the effect of tropospheric 1051 winds, OGWs, and low-altitude critical levels on the 1052 sound propagation in mountainous regions. Sabatini 1053 et al. (2019) have recently investigated the infrasound 1054 propagation through turbulent layers caused by break-1055 ing OGWs.
1056
Our study focused on the determination and char-1057 acterization of global MAW hotspots compared to GW 1058 hotspots derived from satellite data and showed the po-1059 tential of the IMS infrasound network for assessing 1060 such a rarely studied type of atmospheric wave. At high 1061 latitudes, however, the station distribution relative to 1062 mountain ranges complicated the robust identification of 1063 MAW source regions using the elaborated cross-bearing 1064 method. A future study could enhance this method in-1065 corporating weighting functions for the different sta-1066 tions. These should reflect station and detection parameters, such as the number of sensors and family sizes tional infrasound stations in Europe (Pilger et al., 2018) spheric satellite data showed that the dominant MAW 1125 hotspots convincingly matched those of well-accepted 1126 source regions of OGWs. The characteristic valve layer 1127 in the lower stratosphere can explain exceptions found 1128 in the comparison. Breaking GWs at different altitudes 1129 are a possible source of infrasound waves originating 1130 from mountainous regions. This link with GWs recalls 1131 the static stability to be indirectly involved since stable 1132 stratification is a precondition for OGWs. Since further 1133 theories, such as the vortex shedding of turbulent flows 1134 at mountains, cannot be excluded in general, the exact 1135 excitation mechanism should be further addressed in a 1136 future study. This should incorporate GW models and 1137 analyze MAWs within smaller time windows for elab-1138 orating if breaking OGWs directly excite MAWs or if 1139 nonstationary winds even simultaneously release acous-1140 tic and GWs at mountains. If it turns out that OGWs 1141 induce the MAWs, the IMS infrasound network will be 1142 a unique ground-based system able to monitor the OGW 1143 activity continuously and globally. 
